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In recent years, enrichment of trace compounds on suitable sorbents has been shown to be an interesting alternative to LLE, and has now become a reliable and useful tool for sample handling. In addition, many modern pesticides and identified degra d ation products are fa i rly soluble in water and are therefore less amenable to solvent extraction.
Automation and new trends in SPE
The solid-phase extraction (SPE) area has been very active these past years, certainly due to the now well-recognized trends for using solvent-free methods in environmental analytical laboratories and for its suitability to automation [2] . The four individual steps of a typical SPE sequence-i) conditioning of the sorbent, ii) application of the sample, iii) rinsing and cleaning of the sample, and iv) desorption and recovery of the analytes to be separated-can be performed sequentially for up to 24 cartridges at the same time using extraction units working under positive or negative pressure. The whole sequence can also be easily automated with devices now available by several companies using any comm e rcial cart ri d ges or ex t raction disks. Examples are the ASPEC from Gilson, Microlab from Hamilton, AutoTrace and RapidTrace from Zymark. Possibility exists for some of these devices for automatic injection of an aliquot of the final extract into the chromatographic system. The complete automation also exists which couples SPE with direct online LC analysis (ASPEC XL from Gilson, Prospekt from Spark Holland, OSP-2 from Merck). These last two apparatus improved productivity since the next sample is automatically prepared while the previous sample is being analyzed. Th e re fo re, method development can easily be automat e d with various degrees of automation.
Off-line SPE materials are mainly disposable cartridges and disk membranes. Besides automation, two other main SPE characteristics have been commercially developed. The first one tends to increase the sample thoughput and the second one to broaden the polarity range of analytes to extract. R e s t ricted fl ow rates and cl ogging are often observe d when handling water containing suspended solids such as surface water. Various approaches have been developed to solve this problem. One consists in depth filters which can be placed above the cartridge or membrane extraction disk, or which are now integrated in some SPE cartridges providing fast flow rates. Empore disks became recently available with sorbent trapped in a glass fiber matrix. They are thicker and more rigid thus providing faster flow-rate than t e flon disks. These disks are also included in cart ri d ge s , known as disk cartridges. New laminar disks which consist in a thin bed of microparticles supported in a laminar structure allow the percolation of one litre of surface water without any previous filtration in less than five minutes. Many sorbents are now specified as specially made for broadening the polarity range of analytes. These include not end-capped C 18 silicas and monofunctional C 18 silicas, the aim being to increase the number of non modified silanol groups at the bonded silica surface in order to provide seco n d a ry polar interactions with basic polar solutes. Cro s slinked styrene-divinylbenzene (SDB) copolymers with high specific areas in the range 500 -1200 m 2 /g are now available by all manu fa c t u re rs in cart ri d ges and/or in disks. Typical amount of sorbent is 100 to 200 mg and the cartridge designs have been optimized for processing rapidly large volumes of water samples. Carbonaceous sorbents have also been shown to extract very polar analytes. Selection of the extraction sorbent for multiresidue extraction P rocesses invo l ved in SPE are a frontal ch ro m at ograp h i c process during the extraction step and a displacement chromatography during the desorption step. The same sorbents as those used in reversed-phase LC are utilized. The analogy which exists between the SPE processes and classical elution chromatography has been shown to allow prediction and optimization of the main SPE parameters from data generated by LC [2] [3] [4] [5] [6] [7] . Among the various tools for selecting the sorbent and predicting the recovery according to the percolated sample volume, the most important is the retention factor of the analyte in water, k w . Therefore, developing a SPE method requires to understand the interactions between the analytes and the sorbents and to know the re t e n t i o n behaviour of the analytes with the extraction sorbent in LC with water as mobile phase, as measured by k w . The analogy between LC and SPE allowed to model both bre a kthrough curves and recovery curves according to the sample volume [8] .
The extraction of analytes from water requires to select an extraction sorbent which will provide a 90 -100% recovery with the sample volume required for the necessary quantification. In pesticide analysis, it is necessary to have detection limits in drinking water as low as 0.01 -0.03 µg/L in order to be able to quantify them at the 0.1 µg/L according to the EEC regulations. In surface water, detection limits of 0.1 µg/L are wished for transport and fate studies. Therefore, according to the detection limits obtained with conventional LC-UV diode arrays detectors or MS interfaces, typical sample volumes using off-line extraction procedures are around 500 mL. With an amount of sorbent of 500 mg, a recovery in the range 90 -100% will required a sorbent providing log k w > 3 for the analytes.
N-alkyl silicas
C 18 silicas and to a less extent C 8 silicas have been the universal extraction sorbents for many years [9] . In reversedphase chromatography, it is well known that hydrophobic compounds are well retained by these sorbents in water as mobile phase and that their sep a ration re q u i res a mobile phase containing an organic solvent whereas polar analytes are difficult to be retained and separated with an aqueous mobile phase. The limitation of using n-a l kyl silicas will therefore occur for the more polar pesticides and degradation products [1, 2, [7] [8] [9] [10] [11] . For very apolar analytes, one has just to take care of avoiding losses by adsorption on flasks and connection tubes which can be solved by the addition of some organic solvent before the percolation of samples through the extraction device [12, 13] . The desorption step may require a strong eluting solvent and a higher volume than 2 or three times the void volume, as usually done for moderately polar analytes.
Limitation for the extraction of polar analytes
The problem in using C 18 silicas is in the extraction of polar analytes, which can be defined by compounds with wateroctanol partition coefficient, log K ow , below 2. To give an ex a m p l e, re c ove ries of deisopro py l at razine and phenol (receptively log K ow values of 1.2 and 1.5) are lower than 20% with a sample volume of 500 mL and using an extraction disks containing 450 mg of C 18 silica. By increasing the amount of sorbent to 1 g in the cartridge, the recovery of deisopropylatrazine could be increased to 52 and 44% from a sample volume of 1 L using respectively C 18 Polar Plus from J.T. Baker and LiChrolut RP18 from Merck.
Since the retention mechanism is primarily governed by hydrophobic interactions between the analyte and the carbonaceous moieties of the alkyl chains grafted at the silica surface, a relation has been observed between the retention factors of the analytes and their water-octanol partition coefficient (K ow ). A linear relation was found between the average log k w values and log K ow for closely related compounds and even for compounds having diffe rent polarities and chemical properties [14] . For example, 60 compounds covering a wide range of structure from polar aniline (log K ow = 0.91) to the very hydrophobic p,p'-DDT (log K ow = 6.2) a re re l ated by log k w = 0.988 (± 0.051) log K ow + 0.020 (± 0.060). Therefore, k w values can be approximated without any additional measurements when log K ow values are available. These values have been considered confidential for many years and some of them can be found in a review from Noble [15] . They have been recently given by many manufacturers and have been reported in the last edition of the Pesticide Manual for most pesticides [16] .
Therefore, if the more polar of the mixture to be analyzed have log K ow > 2.5 -3, SPE C 18 silicas are in general appropriate for multiresidue extraction.
The trends in LC alkyl silicas is to reduced at maximum the number of residual silanols. Th e re fo re, t ri f u n c t i o n n a l silanes are preferred over monochloro silanes for the bonding synthesis because a layer or multiple carbon-silox a n e covalent bonds on the silica surface is formed. The objective in SPE is to increase at maximum hydrophobic interactions and the surface coverage so that porous silica is usually selected, with an average surface areas above 500 m 2 /g and with average carbon content of 17 -18% for n-alkylsilicas. These C 18 silicas will provide the highest retention for the more polar analytes. Similarly to LC phase, the SPE alkyl silicas were first endcapped. But, in order to enhance s e c o n d a ry intera c t i o n s , it was interesting to increase the number of residual silanol groups by eliminating endcapping procedures or applying slight ones, or by using monofunctional silane and no endcapping. Hydrogen bonding interactions and especially, ionic interactions with polar basic after pH adjustment can be increased and that is the reason of the broader range of polarity with can be achieved by these silicas specially designed for polar analytes analytes. However, even if an increase of recoveries for some polar basic analytes have been observed, the increase in log k w values is small, 0.2 -0.5 in log units, as compared to that obtained when comparing any C 18 silica to any SDB sorbent as shown below.
Application to drinking water samples
The potential for determining many pesticides over a wide range of polarity in drinking water at the low 0.1 µg/L is shown in figure 1 [17] .
The group of triazines and pheny l u reas have been selected because they include some polar analytes such as the degradation products of atrazine, i.e. deisopropylatrazine, hydroxyatrazine and deethylatrazine, and fenuron or metoxuron (with log k w lower or around 2.5), many moderately polar ones and rather apolar pesticides such as neburon (log K ow = 4.3). The analytical sep a ration was carried out by reversed-phase chromatography using a C 18 analytical column and an acetonitrile gradient in phosphate bu ffer at pH 7. The separation was not optimised because the occurrence of each compound in the same sample is unlike ly. Only some target compounds have to be well separated on the basis of their amount of usage. In addition, co-eluted analytes do not belong to the same group and can easily be differentiated by the UV diode array detector (DAD). The ch ro m at ogram fi g u re 1b rep resents the ch ro m at ograms at 220 nm obtained for an extract from 500 mL of drinking water spiked with 0.1 µg/L of each pesticide, after dissolving the dry extract in 500 µL of mobile phase and when injecting a 50-µL aliquot into the analytical column. R e c ove ries we re ab ove 85 -90% for each analy t e, ex c ept the e a rly eluted peaks 1 to 4 for wh i ch re c ove ries we re re s p e ct ive ly 26, 5 1 , 68 and 68%. Recove ries of peak 7 and 12 we re even higher, due the presence of these compounds in the s a m p l e, as shown in fi g u re 1a wh e re a non-spiked sample was analysed with the same ex p e rimental conditions. Th e o c c u rrence of simazine (peak 7) and at razine (peak 12) we re c o n fi rmed by comparison of retention times and of UV spect ra from the libra ry of the DAD at re s p e c t ive concentrat i o n s of 0.016 ± 0.003 µg/L and 0.12 ± 0.02 µg/L. The mat ch b e t ween the retention times and the two UV spectra wa s excellent so that no further confi rm ation was re q u i re d. Th e peaks wh i ch showed up at 7.9 and at 13.3 min can be deisop ro py l at razine and deethy l at ra z i n e, but the mat ch was not excellent and another mean should re q u i red for confi rm ation.
Multiresidue extraction including acidic pesticides: Matrix effects and pH of samples
Acidic herbicides are not (or slightly) retained by C 18 silica in their ionic form so that they can be extracted using a C 18 silica cart ri d ge provided the sample has been prev i o u s ly acidified before the percolation. Table I shows the recoveries of extraction measured for some acidic herbicides when percolating 500 mL of drinking water at pH 7 or acidified at pH 2 or 3 with perchloric acid and spiked at 0.5 µg/L. At pH 7, recoveries are low and for very acidic ones, it is necessary to acidify the samples at pH 2. When natural water samples are acidified at pH 2 and 3, there is an interfe ring peak due to the co-ex t raction of humic and fulvic acids as shown in the chromatograms in figure 2 [18] .
In recent studies, it was shown that the strong-acid characteristic of those interfering compounds (pK A 3.0 or less) was due half to keto acids and aromatic carboxylic-group structure, and half to aliphatic carboxyl groups in unusual and/or complex confi g u ration [18, 19] . This strong acidity explains why interferences are only detected at acidic pH and are more important at pH 2 than at pH 3. If one takes into account this co-extraction of humic and fulvic acids and optimize the mobile phase gradient in order to elute the first compounds after the interfering peak, most of the pesticides can still be determined at the 0.1 µg/L level in dri n k i n g water samples. As shown in figure 2 corresponding to pH 2, only the very polar ones will show up in the interfering peak if the mobile phase gradient was adjusted in order that most of the peaks should be eluted after 20 min. Surface water contains higher amounts of humic and fulvic acids and d e t e rm i n ation of pesticides at the 0.1 µg/L level become impossible, as shown in figure 3 .
Detection limits could be improved with an add i t i o n a l clean-up step using a Florisil cartridge as shown in figure 4 [17] .
However setting-up the analytical conditions for this step is laborious and at the origin of additional losses in recoveries. The removal of these interferences by handling the samples at pH 7 and with complete recoveries for acidic analytes can be easily integrated in the extraction using SBD copolymers which is a more straightforward solution.
Apolar highly cross-linked styrenedivinylbenzene (SDB) copolymers
LC-grade apolar styrene divinylbenzene polymers (PLRP-S and PRP-1) were only available in prepacked precolumns used in on-line techniques [11, 20] . The fi rst disposabl e devices containing SDB polymers were Empore extraction m e m b ranes. These recent ye a rs , u l t ra -clean highly cro s slinked SDB polymers with relatively high specific surface areas have been introduced by almost each manufacturer in d i s p o s able cart ri d ges and have shown high cap abilities to extract polar analytes [21] [22] [23] [24] . This is demonstrated by 100% recoveries for phenol and de-isopropylatrazine from a sample volume of 1 L and using 200 mg of SDB sorbents. The retention factors in water have been measured or estimated for a C 18 silica and SDB with different specific surface areas (see Tab. II). Table I . Recoveries (%) of acidic herbicides after the preconcentration of samples (500 mL) of drinking water adjusted at different pH and spiked with 0.5 µg/L of each analyte using a 500-mg C 18 cartridge. in retention by a factor 20 to 100 is observed when the specific area of the SDB sorbent increases from 400 to 1 000 m 2 /g [24] .
Th e re fo re, high cro s s -l i n ked SDB are the sorbents of choice for multiresidue extraction of a mixture containing highly polar analytes.
Multiresidue extraction including acidic pesticides: Removal of humic and fulvic interferences by percolation of samples at neutral pH
Since new polymeric sorbents provide higher retention for moderately polar pesticides, the retention of acidic pesticides was studied at pH > 3 in order to decrease the amount of co-extracted humic and fulvic acids in surface waters [24] . The re c ove ries of the acidic pesticides wh i ch have been reported in table II using a C 18 silica cartridge were also measured using a 200-mg SDB cartridge and a sample volume of 500 mL of drinking water spiked with 0.1 µg/L of the acidic analytes and adjusted to pH 7. The recoveries of dicamba which was lower than 3% on a 500-mg C 18 silica cartridge under the same extraction conditions was measured to 78% and the recoveries of all other acidic compounds was found higher than 85 -90%. As on C 18 silicas, humic and fulvic interferences were shown to be co-extracted at pH 3 whereas they are not at pH 7 as shown by figure 5.
The fact they are still not retained at pH 7 is due to their high polarity because of the numerous ionized groups and/or to their different configuration at pH 7 and their possible occurrence in the colloidal fraction [19, 20] . However, the consequence of a high retention of acidic pesticides in their ionic form together with the absence of retention of humic and fulvic interfe rences is the re m a rk able possibility of determining acidic and neutral pesticides in surface water samples without any clean-up at the low 0.1 µg/L as shown in figure 6 [24] .
Carbonaceous sorbents
The most common ones are grap h i t i zed carbon bl a ck s (GCB) with a low specific surface area around 100 m 2 /g, so that they are often described as non-porous sorbents. Their higher efficiency over C 18 silica for trapping polar pesticides have been extensively shown by the group of Di Corcia et al. [1, [25] [26] [27] [28] . GCB are not enough pressure resistant to be used in LC so that no data indicating the LC behaviour of solutes are available. These recent years, a porous graphitic carbon (PGC) has been available in SPE cartridges which using a C 1 8 laminar disks with previous addition of 10% methanol in the sample [36] . Detection limits are lower than 0.1 µg/L for most of the pesticides in 250 mL of surface water.
Conclusion
Research in new techniques for sample preparation is a very active area at that moment, partly explained by the need for reducing as much as possible the use, disposal and release in the environment of toxic solvents, together with a reduction of the total analysis cost. This is certainly the near end of the basic liquid-liquid extraction and Florisil clean-up tandem for sample preparation that many laboratories still use.
In Euro p e, chemists are faced to the drastic dri n k i n g water reg u l at o ry level of 0.1 µg/L for each pesticide. Th e re fo re, t rends are for setting up mu l t i residue analy s i s . Trends are also for simplifying the sample prep a rat i o n labour, increasing its reliability and eliminating the clean-up step of aqueous samples by decreasing as much as possible the amount of interfering components in complex matrices. Regarding these last two aspects, the new polymeric extraction sorbents have a remarkable potential.
